Measurements are presented of the dielectric constants of some p,p'-n-alyl and n-alkoxy sub stituted azobenzenes and azoxybenzenes in the nematic and in the isotropic phase. Starting from the dipole-less, p,p',di-n-alkyl-azobenzenes, a systematic interpretation is given of the influence of the molecular structure on the dielectric properties.
Introduction
In nematic liquid cry stals1 there exists a longrange orientational ordering. The anisotropic rod like molecules are, on the average, aligned with their long axis parallel to each other. In this way macroscopically a unique axis (the preferred direc tion) is defined. The centres of mass of the mole cules are distributed at random. The orientational order is given by the order param eter
S= ( ! ( 3 c o s 2 0 -1 )) .
The brackets denote a statistical average, while 6 is the angle between the long axis of a molecule and the preferred direction. Maier and S au p e2 have given a molecular-statistical theory of the nematic phase on basis of the anisotropic dispersion forces. Their theory correctly predicts a first-order nematic/ isotropic transition, while the transition tem perature T^i is proportional to the anisotropy of the mole cular polarizability. In their approxim ation the de pendence of the order param eter on the reduced temperature T/7Vi is the same for all nematic liquid crystals.
The dielectric constant has a different value along the preferred axis (£||) from that perpendicu lar to this axis ( £ J _ ) . The value and sign of the dielectric anisotropy zle = £|| -cjl is of the utmost importance for the behaviour of the nematic in an electric field 3 and therefore for the applicability of the compound for various electro-optic effects. Nevertheless relatively little effort has been put in the study of the dielectric behaviour of mesomor phic materials. The basic work of M aier and Meier in this field 4-5 is concentrated on the di-alkoxy sub- This paper is the first of two in which a system atic discussion will be given of the dielectric con stants of nematic compounds in relation to the molecular structure. A suitable starting point for such a comparison is provided by the p ,p r-di-nalkyl-azobenzenes "* because they have a zero dipole moment. They are the subject of this paper and will be compared with the alkoxy substituted analogues and the corresponding azoxybenzenes. In part II the influence of the bridging group will be con sidered for fixed terminal substituents. Smectic liquid crystals will not be included.
Experim ental
The di-alkyl-azobenzenes and di-alkyl-azoxybenzenes were synthesized in the way described in 7. The quasi-static dielectric constants were measured at a frequency of 1592 Hz using a W ayne-Kerr B 642 autobalance bridge. The dielectric cells con sisted of two glass plates with evaporated copper elec trodes. The distance was fixed using 80 jum mylar spacers and epoxy resin. Each cell was used only once, and its cell constant was determined at room tem perature with chlorobenzene. The calibrated cell with the liquid crystal was placed in a heating stage (sim ilar to the Mettler FP52) built in this labora tory. Alignment was assured by applying a mag netic field of about 13 kOe. The temperature was stabilized within 0.1 °C by a Eurotherm type 017 tem perature controller. The set-up was checked by measuring the temperature dependence of the di-electric constant o f n-decane. Over the range 20 -100 °C de/dt could be reproduced within 1%, which is therefore an upper lim it fo r the relative uncer-
Results
The results fo r the nematic dipole^less di-n-alkyllainty. On the other hand the absolute error is azobenzenes are given in T a b |e t and , he lefl estimated to be about 3/6, and somewhat larger at , c t-,. group. In Table 2 and Fig. l b the alkyl-substituted analogue of Fig. 1 a is given. This substitution leads to a small decrease in Ae. In Fig. 1 e, 1 g and 1 h the data for di-alkoxy-azobenzenes from 5 are re produced. The introduction of a second alkoxy group leads to a further shift of As in negative direction.
The results for the di-alkyl-azoxybenzenes are given in Table 3 and the left part of Figure 2 . The dielectric anisotropy now is positive and slightly smaller than that of the corresponding azobenzenes. For the hexyl compound As behaves rather anom alously, becoming smaller when the nematic/smectic-A transition is approached. Dielectric data for the di-alkoxy-azoxybenzenes are given in the righthand part of Figure 2 . As in the case of the azoben zenes, this substitution leads to a much stronger increase of £j_ than of £||, giving a negative As. For the methoxy, propoxy and butoxy compound the data of M aier and Meier are u se d 4,10; for the ethoxy compound the result of Jezewski 8. The lit erature data for the pentoxy com pound9 indicate for the radio-frequencies used a dispersion of £,, at low temperatures. We therefore repeated the mea surements at 1592 Hz. Apart from the dispersion, our data (Table 4) Asymmetric substitution leads for the azoxy benzenes usually to a m ixture of two isomers that cannot easily be separated. This situation therefore will not be considered here; for one particular case it has been discussed elsewhere n .
For the di-alkyl-azobenzenes the curve for £ = (£ 1 1 + 2 £ _L) /3 practically coincides at 7\q with the curve for £1S. For the other compounds, however, this is not the case. In Fig. 1 b and for the di-alkylazoxybenzenes (left column of Fig. 2 ) there is a small but significant discontinuity of ~ 0.01 at T x i. For the di-alkoxy substituted compounds this decrease at 7 \ i is even larger ( ~ 0.03).
D iscussion
Maier and M eier10 have extended the Onsager theory of the dielectric properties of isotropic liq u id s12 to nematics. Essentially they consider a molecule with polarizabilities a.\ and aq and dipole components fi\ = jucos/? and s in ß. /u is the dipole moment making an angle ß with the long molecular axis; the indices / und q refer to the directions along and perpendicular to this axis. The molecule is considered to be in a spherical cavity surrounded by a continuum with the macroscopic properties of the dielectric. The results can be sum marized in formulae for e(j and £j_ or alternatively for £js or £ and Ae 10: h is the cavity field factor fo r the empty cavity and F the reaction field factor, both calculated using an isotropic continuum.
Derzhanski and Petrov 13 have extended this type o f theory taking also the anisotropic shape of the molecules into account by considering an ellipsoidal cavity. Although this does not lead to a functional dependence that is different from Eqs. (1 ) and (2 ) it gives some correction factors that can be numeri- For the di-alkyl-azobenzenes Eqs. (1) and (2) simplify considerably because jU = 0. Experimentally it is observed that there is almost no tem perature dependence of eis, while the curves for e and £;s coincide at Tx i . These facts agree nicely with Equa tion (1 ) . For a more quantitative discussion it would be necessary to consider the m olar suscepti bility o = [( e -1)/4ji]M/q, in which the influence of the density is incorporated. Unfortunately the dialkyl-azoxybenzenes are not easily accessible to density measurements because the nematic behaviour is mainly m onotropic. Finally we remark that Ae is larger when 7Vi is higher; in the homologous series Ae alternates in a similar way as T^i. This is in agreement with the fact that both Ae and 7Vi are proportional to the anisotropy of the electronic polarizability. From the known densities of the cor responding azoxybenzenes we conclude that this alternation is not due to the density and is probably even stronger for Ao than for Ae.
The azoxybenzenes differ from the azobenzenes with respect to the presence of a dipole moment of 1.7 D in the central part of the m olecule14. Usually it is assumed that this dipole is approximately di rected along the NO-bond. W hen we compare the di-alkyl-azoxybenzenes with the corresponding azo benzenes we see that this leads to an increase of both £|| and £j_. The dielectric anisotropy has de creased somewhat; for example for the di-pentyl compounds at 0.97 7V i, Ae = 0A4 for the azobenzene and 0.24 for the azoxybenzene. Results for Ao = (Ae/4>Ji)M/Q are given in Figure 3 a. Ao is rather constant for temperatures not too close to Tm . In this case of a small dielectric anisotropy the positive contribution of the polarizability and the negative dipole contribution are not very different in magnitude [see Equation ( 2 ) ]. The form er varies with S, the latter goes with S/T. Clearly these counteracting effects lead to an almost constant Ae or Ao. The strong decrease of Ao for the hexyl com pound has a completely different origin and is as sociated with the nematic/smectic-A transition. As discussed extensively elsew here15,16 there is a strong dipole-dipole correlation within the smectic layers for compounds where the dipole moment is They are very sim ilar to those quoted here. In par ticular, above the smectic phase (in these cases, smectic-C) no effect of dipole correlation is ob served as for the di-alkyl-azoxybenzenes.
As soon as dipole moments are introduced, e is somewhat low er than £;g at the nematic/isotropic transition. This jump at T^i cannot be explained by the small change in the density and is therefore not in agreement with Equation ( 1 ) . An explanation has been prop osed 22 based on the idea o f flexo-electricity in liquid crystals 23. Both for £|| and ej. negative corrections are predicted 22 of the order of 0.01, which is the right order of magnitude. How ever, flexo-electricity requires a shape polarity of the m olecules23 (wedge-like for a coupling with splay, banana-like for a coupling with bend). Even for asymmetric nematic molecules this is difficult to imagine because of the free rotation of the end groups. For the di-alkoxy-azobenzenes it is even impossible because of the symmetry. Therefore the proposed explanation of the drop in e at T^i does not seem to be correct. Especially in the first three members of the series of the di-alkoxy-azobenzenes this effect is quite large. When we study the region around more closely we note for p-azoxyphenetole (Fig. 2 c) that with increasing tem pera ture, just before T$j, not only £|| but also £j_ in-creases somewhat. We have repeated these old mea surements of Jezewski 8 and found this effect to be quite real, and even larger in our case. In the last 0.5° before Tyi both £|| and £_[_ increase substan tially. This seems to indicate that e is in fact contin uous at r NI but drops very rapidly to a lower value when the tem perature is decreased. We expect such an effect to be influenced strongly by the sharpness of 7Vi (purity of the sam ple). Careful dielectric measurements around Tyi are necessary to settle this question more definitely.
We conclude that the functional dependence of the dielectric constants can be well understood from Eqs. (1) and (2 ) . A problem remains for the polar compounds where e is somewhat lower than E \s at TVi •
